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~~>The design of the high 1ift oystem has a profound effect on the sizing and total performsnce of

transport aircraft, both civil apd military. “he—purpose--eP this pap v $e—t& [irst nviey:' the
fundamentals of high-1ift systemsdesign and the phencmena that govern their pevformsnce. A review of
the computational methods n\uilnblf to the high lift designer, with examples of their alidily, is thsn
presented. New developments i{n flow dlagnostic technicues scx reviewed. PFinally, exsmples of several
Boeing high-lift cCesign effortr are presented. FKuphasis in placed on the use of compstational
aerodynamic methods and the synergistic effect of uaing zhoss methods in parallel with testing. FPinally
a lisr of todly: tey most important issues is presented. “t/-

NOMENCLATURE
AePP = Aerodynaris Prediction Pvogram ® = longitudinal coordinste
R ~ aspect ratio, b’ls y » lateral coordinste
b ® winp npan « = angle of attack
c “ Brgic sruisge wing or sicfoil ehord & - :liﬂc:cv;;u {ruiduah)
c “ sverage wing chord 8/b 8¢ 1 up deflection
€ys€y v, ® twodioada.aal (sectlon) drag, 1ift 6‘ = Gboundary layer displacement thickness
@ and pltching  moment  coe{ficients, 8 *» boundary layer momentum thickness
forea, ye aud momant/qc n s pon~dimensiols) spanwise wing

CorQ oYy * shrew-aimanoional contiguration drag, station 2y/b

. Lite and pitching moment coefficiont, A © swuep angle measurcd at wing quarter

torca/u? and womant/g8¢ chord
Iy ~ blowviny coetiicient M ‘fjlq, s
Ce < presrure coelficient, 8p/qum\P{yeal ~Po) Subscripts
W < Distrinured Vorzizicy Method " A~ .
R < bouncary layer torw parameter, 4%/Q e tf : e““?“" !V“:W' condition
L/ * vcatio of Lift Lo drag :XP - ::f:““““ value
" *  Mic: number .
ty < jer maos 130w rsce geo = geometric value
F t sxdtlic pressure wax " ®maxinum
q » dynenmic pressura min = minimua
Ra A Fa,nolds Number o - frgo stream condicione
$r.88 “ Sebsonic Analysit Section System r " point at "M‘hdrf:"““b."‘““fr !:
L} > ding urea -‘.“;‘E‘;'"’ conditions gin on &
K + Thrust ‘ . ‘:' °"
t v slcfoll thiciness visc vigcou
v * Veiocity Suparscripts
y\;} jet wolocity
“ Welght (~) = adjusted or scaled quantity
(%) = critical section
INTRODUCTION

It hac Deun & dvcsde since A.u.lo. Smith, then of the McDonnell=-Douglase Alrcrafe Corporacion,
praun:gn his Wright Brothers Lasture’ entitled "High-Lift Aerodynamics” (based on an earlier AUARD
lacture’) to the Amucicen Institute of Aervnautics and Astronsutice. 1In the €lood of techalcal papers
which have documented tha eutracrdinsry progress of aeronautical science over the past [forty years,
AM.0. Smith’s paper stands as s true classic. 1In addition to greatly clarifying the physics ol
important sspects of high=iif" aerodynamics, Smith clearly sat thn stage for much of the subsaquent work
in thie discipline.

e history of high-l1ift technology can be teaced In the application of high Lift devices on Boeing
airceafe over the psat forty years shown In Flgure 1. Since the wuthors have bdeen involved in at lsast
part ol this davelopment at Boeing, we necessar{ly approach our aubject [rom tnat somewhat parochial
viewpolint. Aa will e describad in later sections of this paper, wuch of the proxress demonstrated in
Flvure |, wae nahlaved by o prodess Lest charecterined £+ "enlightenad cut=and=try.” Tnis was aided in
lte \atar phases by slowly improviex dut «till far.:, elementary analycical wethods, Testing was
condvctad almost univereally in wind tunneln operating ot Reynolds numbers at least an ocder of
magn,tiude fever thah actusl flight conditions, Such hat been the general state of atffaire until very

___fecantly throughout the industey.
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Figure 1. Trends in Boeing Tramsport High-L!ft System Development

Advances over the past Cifteen years in both computational methods, including use of inverse
methods, and experimental flow diagnostic technology, have made posmible a high lift system design
process quite different than that which has relied largely on experience, intuition and uxperimentatioa
slone. The further development and enhancement of this modern high-lift design process is one of the
w4 jor issues reforred to in the title of this paper.

There were several objectives in preparing this paper. These include:
¢ A review of some of the factors which influence the design of modern transport aircraft (both
civil and military) and the effect of high-lift system performance on the overell design of
such aircraft.

* The assessment of progress in the understanding and methodology development which has occurred
in the decade since A.M.0. Smith presented his classic AIAA Wright Brothers Lecture.

¢ The desonstraticn of a modern approach to the solution of selected practical high-lift system
design problems.

¢ To list the major {esuas, both practical and theoretical, which still coafront the high-lift
serodynamicist as percaived by the authors.

As numerous authors have pointed out, the topic of high-lift aerodynamics covers an enormous range
of flight vehicle types operating under a wide range of Mach and Revnolds number condition. While the
entire topic holds a fascination for the authors, it is necessary to limit the scope of this paper to
high-lift issues relating specifically to transport aircraft during "normal" take-off and landing.

RIGH-LIFT AERODYNAMIC ISSUES

The fundamental issues to be addressed in this paper are:

¢ Recconizing that maximizing the maximum 1ift coefficient is a simplistic view of the hign-lift

system design problem, what are the appropriate high-lift system aerodynamic design criteria
for the anticipated range of moderate-to-large sized transport aircraft?

o In the light of our present theoretical understanding, how much practical performance, in
terns of maximum 1lift coefficient, remains to be extracted from a truly optimized
“conventional” high-lift system i.e. one which velies on passive boundary layer ~ontrol based
on geowetry alone?

® What tools are available to design practical, efficient high=~lift aystems, and what additional
tools do we need?

Before addressing any of the questions listed above, it is useful to compare and contrast the
general design odbjectives and constraints of military and civil transport aircraft, particularly as
thesa factors may influence the designer's options regarding high-11ft system design. A partial summary
tiscing of these design objectives/constrainte is presented in Table 1.

In reviewing tha criteria listed in Table 1, it should ba noted that the general civil transport
aircrafe deslign problem is driven largely by economic considerations with an equally strong concern for
safety, Thus, the decign is generally optimized firet and foremost for cruise efficiency. The
objective of the complementary high-1ift design effort is to produce a system which will allow a cruise
optimized configutstion to sdequately maet take-off and landing requirements cafely and reliably. It
should elso da noted that in normal commercial operations, the oparating environment is relatively
benign (aslde from meterological considerations) involving paved runways, adequate to excellent air
traffic coantrol and landing aides, and well established maintenance facilities.

Tha wiliteary transport airplane designer appears to face a gomewhat different problem. In
principla, the dowminant design criterion is successful wmiseion accomplishment. While basic economic
criteris suah co renge, payloed and cruise speed, as an index of productivity, play important roles in
layout and elaing, miesion seccomplishment simultansously places very heavy demands on the high-lift
nystem dasigner.  In thie case, misslon sccomplichment may require that the aircraft be able to operate

P 4



leaues
Dominant design criveria

Performance

Alrfield enwironment

System complexity end
mechanicel design

Government reguistions and
community scceptance

LT
¢ Economics and safety

¢ Maximum sconomic crule

* Minimum off-design penaity
in wing design

¢ Moderste-to-long
nNways

¢ Paved runway

* High -level ATC and
landing aides

o Adequate space for ground
maneuver and parking

o Low maintenance—
sconomio issie

¢ Low system cost

¢ Safety and relisblility

¢ Long service life

o Must be certifisble
{FAA, otc.)
* Safety oriented

* Low noise mandatory
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Military
* Mission scoomplishment
and survivebility
o Adequate renge and responss
* Overall mission sccomplishmant

o Short-to-moderets
unways
» All types of runway surfaces
Spartan

o Often

ATC, ste.
o Limited space available

o Low meintenance—
avallabitity issua

* Acoeptable system cost

o Relisbility and survivability

¢ Damage tolerance

o Military standerds
s Performance and safety
« Relisbility oriented

¢ Low noise desirable
*Good neighbor in psace
¢+ Detectability in wer

Table 1. Transport Aircraft Design Objectives and Constraints

from battle damaged and/or pnm.nve airfields,

sometimes in a hostile environment.

In exchauge for

these more demanding criteria, the military high-l1ift systems designer has more system optionz at his
disposal in that presently “difficult to certify" powered lift schemes become viable - if they can be
shown to be sufficiently reliable, maintainable and insensitive to battle damage.

It is perhaps ironic that in the extended '"peacetime" environment, many of the civil aircraft
design criteria play a larger role in military design requirements than may be fully appropriate. As
examples one may cite budgetary constraints which demand low initial cost biasing the design in favor of
minimum size and weight and low fuel burn to minimize routine operating and training flxght costs. Also
increasing concern -for community acceptance carries potential performance penalties in terms of
concessions for noise reduction and engine emissions. The longer military transport aircraft serve the
function of contributing to maintaining peace, the more civil type design criteria become important in
the overall balance.

The discussion so far indicates that while the basic design criteria for civil and military
aircraft arc somewhat dissimilar, the high-lift system design problem still resolves into several common
issues, Fundamentally, the high-lift system must allow the aircraft to achieve adequate performance -
both at landing and take-aff (Fig. 2 & 3). Experience indicates that for CTOL aircraft the dominating
factor for take-off is climbout L/D and for landing, Cppax: A8 shown in Fig. 4, approach speed has a
value in itself, not only as a performance variable, but as an important safety factor. Even though the
level is dependent on the operational environment and level of technology the general trend holds true.
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Finally, it ie obvious that whether the primary concern is safety and certifiability, or mission
accomplishment, the high=1ift system must be reliable. Thus the strongest bias must be in favor of
simplicity, 1o bath the civil and miliravry case, waintainability implies availability, and simplicity
has & vevry strong \sverage on these factors, Vulnevability to battle damage is intrinsic in
machanically complex systems, and the attraction of & very large number of mechanically coeplex
Augmentsd/powered Lift schemse begins to vanish desplts the potentially large increments in luft
achievable with such systems under benign conditions.

THE INFLUENCE OF MIGH-LIFY SYSTEM PERFORMANCE ON TRANSPORT AIRCRAFT BIZING

Having discussed in general terms the objectives and constraints on civil and military transport
aircraft design, it now vemains to demonstrate in wore detafl how high~lift system performance may
influence the siaing of such aivrcratt. While a comprehensive discussion of this topic is far beyond the
scope ot this paper, two examples, one civil and one militery, will serve to illustrate the complex
trades to be made in selecting an appropriate high-lift aystem for such aivcraft.

An Enevgy Ufficient Transport

The fiest example selected s based on work for the NASA Energy Efficient Transport EET program
(rel 3 & 4). Most of the analysis and design methods used in this study were developed under Boeing
Independent Research and Development (IRED) funds and will be described in some detail in later sections
of this paper. The intent of the present discussion is to demonstrate the dominant high-l1ift system
tequirements which emerge in the course of a typical preliminary design exercise for a modern commercial
transport airplane.

Typically the wing for a aew design is sized vo satisfy cruise considerstions, including initial
cruise sltitude, cruise Msch, buffet margin, etc., and low-speed, high lift considerations such as
approach speed and takeoff field length,

The results of a typical "thumb print” analysis of the Boeing baseline BET configuration (Fig. §)
is summarised in Pig 6. In the study, siae consequences of three discrete optimization indicier were
explored. These were:

o Ainimum take-off gross weight which would presumably result in an aircraft of minimum airframe
acquisition cost.

¢ Minimum block fuel burned; of major interest to the BET progranm.

» Minimum direct operating cost (DOC); the traditional {ndcx of interest to airline operators.
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Figure 5. Baseline Airplene Figure 6. EET Baseline Design Seiection Chart

The conclusions drawn from the results shown in Tigure 6 vere:

o Both the minimm wveight and minimum DOC design points were very far away from the ainisum fuel
durn design point. The sinimum block fuel asirplane required s much larger ving and engines
than either tha minimum DOC or minimm welght designs.

® A conserval:ve, estate-ol-the~art double-sliotled (flap/variable camber KZueger leading adge
high=1ifc eystem more than adequately met approach speed and landing field length requirements.

® The dominant constraint on sising, leading to a compromise design point skewed in favor of the
minimum dlock fuel conditlion, wee take-off field langth (and hence take-off lift-drag retio)
tollowed very closely by a nominal 12,000 ft. engine-out gltitude constraint.

From this study it is clear that a priorl assumptions regarding high 1ift system performance
requiremante for # nav derign are inappropriate. Care must be taken to evaluate the range of conditiovns
(tane-ntf, landing, f(oitial climd, ate.) in which high 1if{t systea performance wmay be critically

important before investing mich rescurce in developing a high Life aystem.
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A Milieary Short-Hau) Transport (MAT)

This example will use vesults from a feasibility study for a Medium BTOL Tranaport (MST) which led
to the Advanced Medium STOL Traneport (AMBT) program undsr which the Boaing YC~l4 and McDonnell~Douglas
YC-15 weve developed. The (fundemental pevformance requivements were that the sirplane fly a radius
mission with a 28,000 pound payload operating into and out of a 2,000 foot tong airfield at the mission
midpoint. The fisld was sesumad to have an elevation of 2500 fest and an ambient temperature of 93°F.
Opevation had to consider failure of the most criticsl engine during takeoff and landing, In addition,
the aircraft had to carry 38,000 pounds of payload for 2600 nai while operating from longer runvays.

One of the fundamental considerations was selection of a high-1ift system concept. Figure 7 shows
a map of airplane design solutions for the dasign radius mission for a four engine a rplane using a high
1ift system having 4 maximum 1ift coefficient of 4.0. Superimposed on this wmap are takeoff and landing
field leagth and angine~out climb gradient limits. The selected dasign {s the lowest takeoff gvoss
weight solution satisfying all of the design constraints,
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Figure 7. MST Design Sizing Flyure 8. Effect of Lift Capability on MST Design

This process can be repeated for high 1ift systems having varying lift capability amccounting for
the obvious fact that the weight of a high 1ift system increases as its maximum lift increases. These
results are shown in Figure 8. The design point determined from Figure 7 is noted. Airplane size for a
2000 foot mid-point field length continues to decrease as maximum lift coefficient is increased up to
('1{ of about 6.0. However, the wing volume available for fuel tankage to fly the deployment
mission now becomes a limit. The selected design had a Cp yax of 5.5 and a design gross weight of
235,000 pounds. This study was conducted in 1976 with the propulsion and aerodynamics technology
available at that time. If it were repeated today the results would differ but the process by which the
airplane was sized and the high lift system selected would remain the same.

THE LIMITS OF HIGH LIFT

Before assessing the state of high lift serodynamics, it is useful to establish an "upper bouad"
against which one can compare the "practical®™ limits in design. A.M.0, Smith discussed these limic¢s a
decade ago and it is merely necessary tn summarize his discussion with the inclusion of Figure 9.
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Figure 9, Cﬂmax Limits

The left hand side of Figure 9 shows & number of theoretical two~ and three-dimensional bounds
which have bean developed for maximum 1ift gonerating capability of "ideal" ronfigurations. The right
hand side shows seversl of the practical factors which may severly limit achievable performance. In
addition to obvious 1limits imposed by viscosity, compressibility and mechanical corstraints on
tvo~dimensional jrectfons, further losses are incurred in applying such sections to three-dimenaional
configurations. These effects include the adverse influence of wing sweep, the fact that the entire
wing apan of most practicsl configurations cannot be taken up with idealiged high-1ift systems, and the
axistence of nacessary supporting structures which may produce locul interfarence and boundary layer

contemination effects.

effects on achieved Lift-to~drag ratio far » typical transport are demonstrated in Figuve 10.
sweep on the achieved

influanca of win

Besides reducing the 1ift these factors also tend to increase drag, and the
The
max{rum lift performance of a variety of modern transport

alreraft with conventional high-1ift systems is shown as a function of high-1ift system complexity in

Figure 1L,
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If one now plots (Figure 12) the theoretical limits specified in Figure 9 and identifies the region
of maximum lift coefficient achieved with unpowered higl-lift systems, one sees the huge gap petween
achieved levels and the theoretical limits. It is here that powered lift echemes have application. A
very useful discussion of this range of powered lift achemes is presented by Foster’ as a complni.?n
piece to A.M.0. Smith's discussion. A recent paper by Loth & Boasson’ provides an update on Foster's
discussion in addition to providing a description of practical STOL aircraft operational rersirements
vis-a-vis powered lift system performance characteristics.
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Figure 12, Limits of Maximum Lift Coefficient

Having noted the approximate boundaries of the feasible in terms of maximum lift coefficient as
shown in Figures 9 and 12, it has been shown that the practical limits of maximum lift demonstrated fo~
unpowered high-lift syntems is far below the theoretical limit, even when systems of considerable
mechanical complexity are employed. Of the practical reasons for this huge discrepancy noted earlier,
by far the dominant factors limiting maximum 1ift are viscous effects and flow separation.

In view of the design space available within Figure 12 it is possible to describe a hierarchy of
ways to control the boundary layer on a wing surface.
These are:

e Passive Boundary Layer Control by Contour Shaping and Variable Geometry., This approach is the
most subtle; to much so that one sometimes forgets that it is a form of boundary layer
control. The limits of boundary layer/circulation control for both single and multielement
airfoils has been greatly clarified in the past two decades, perhaps foremost by A.M.0. Smiti
and his co-workers at Douglas, specifically R. H. Liebeck?. The full extensions of this
work to three dimensional flows remains to be accomplished however.

e Power Augmented Boundary Layer/Circulation Control. Once one has approached the limit of
maximum lift achievable by passive boundary layer circulation control through contour shaping
including the mechanical complexity of multielement airfoils and wings, the next level of
performance increase is achieved by using small amounts of auxiliary power to (1) increase the
energy of the boundary layer by blowing or (2} remove all or part of the boundary layer by
suction. As shown in Figures 13 & 14 there are a wide variety ol schemes to accomplish either
nf these objectives. In all cases the objective is to deluy the onset of separation and tnhus

. produce an increase in maximum lift.

The particular application under gtudy and the indices of merit by which the overall
configuration will be judged will determine when substitution of a simple blowing/suction
systam would be preferable to adding yet another flap element tu an already complex
passive/mechanical system. At the other extreme, when does one reach a blowing/suction limit
and one of the more powerful jet flap/circulation control achemes (Figure 15) becomes a better
way to produce still higher lift coefficients.

e Powered Lift., As the required lift coefficients increase, we a_gai.n pass through a transition
region to the powered lift concepts involving the propulsion system as an integrated part of
the high=lift system (Fig 16). Two types of powered l{ft concepts may be {identified. The
firat separates the propulsion and circulation lift system and provides only direct jet lift,
#.g., vectored thrust or lift engines. The second combines the propulsion and circulation
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lift system into a jet-flap type powered lift system. The augmentor wing, externally blown
tlap, and upper surface blown flap can all be considared subsets of the jet-flap concept.

While identifying the various 1ift enhancing schemes aids in discussing the multitude of possibilities

and gives some flavor for the general lavel of lift performarce achievable, it still does little to

«stiblish vhich is "best” for a particular application. This will depend on the payoff function, (e.g.,
%, LCC, Trip Fue~l, etc;), the payload range of the airplane, and off design mission requirements.

While the probable trends in high-lift system development for long field-length transports can be
deacribed with sowe assurance, the same cannot be szid for the case of STOL transport aircraft. What
does emerge from the preceeding discussion is that there are s number of promising ways to achieve the
high 1ift performance required for any veasonable STOL mission. All of the powered lift systems
mentioned previously have been incorporated into flight hardware. The pure jet flap on the Hunting 126,
the asugmentor wing on & Boeing/NASA modified Buffslo, the externally blown flap on the McDonnell-
Douglas YC-15, and the upper surface blown flap on the Boeing YC~l4 and Roeing/NASA QSRA are some’

examples.

Passive/mochanical BLC high-1ift systems are likely to be the norm for long range, moderate to long
faeld length transport sircraft into the forseeable future. It must continue to form a major element of
8 discussion of high-lift technology. There is still progress to be made in the design of such systems.

The design of powered lift aircraft requires that more variables be considered than in the design
of more conventional sirplanes since STOL zirplanes encounter control and handling qualities problems
wore severe than conventional airplanes. It must be noted that solutions to these problems have been
found in specific design applications.

An example of one practical limit is the angle of attack of a particular configuration required to

generate a given lift level. Here the coupling between approach speed, glide slope angle, and angle of
attack as it influences pilot visidbility and hence decision time, is shown schematically in Figure 17,
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In view of the factors discussed, it {s the authovs' pressnt opinion that of the many powered lift
schemas presently available to chooss from, relatively few offer the prospect of satisfactorily mesting
the performance requiremsnts and wany constraints ot practical STOL transports. Experience with the
upper surface blowing (YC-14, Q8RA) and externally Llown flap (YC-13) indicates that these approsches
could ba developed into satisfactorily reliable and economical vehicles for both civil and military

applications.

With the overviaw discussion of practical {ssues (n high-1{ft technology provided above, {t {s now
possible to discuss the state-of-the-art in methodology avallable to the high=1{ft syetem designer.

BOEING RESEARCH IN HIGH-LIFT TECHNOLOGY

A comprehensive survey of the industry-wide ressarch devoted to solution of the theoretical problems in
high-lift technology identified by AMO Smith a decade ago is a prohibitive task., Inntead we choose to
outline Boaing research devoted to this topic in the past decade and cite limited examples of related
significant work by others. Purther, the majorlity of the discussion {s limited to mechanical systems
since little theoretical work has been done at Boeing in recent years on powered Lift systems.

While fully realizing that the approach taken here represents a rather parochial view of a very broad
topic, it is the authors' opinion that the Boeing research effort is representative of the current
state-of-the-art,

The Boeing Company research effort has been directed at developing a range of powerful tools for the
design and analysis of transport type aircraft operating in low-speed/high-lift conditions. The basic
objectives of this, lnrgely company-funded, long term effort have been:

e To develop computational methods for the analysis and design of high-lift configurations.

® To provide improved flow diagnostic techniques and experimental data bases to support
computational methods development.

® To apply these new tools to practical design problems to assess their capabilities and to
guide further basic method development.

Thus over the past decade, the basic approach has been a balanced one encompassing theory, experiment
and applications.

POTENTIAL FLOW SIMULATION OF THREE DIMENSIONAL MULTIELEMENT WINGS

Potential flow simulation of transport aircraft with high-l1ift devices deployed is an essential step in
the avolution of a rational analytic design capability and also serves as the foundation for
viscous/vortex flow simulations of these configurations. In addition, until a full three-dimensional
viscous analysis capability becomes available, a three-dimensional potential flow analysis/design
capability remains an essencial cornerstone of an analytic high-l1ift design procedure. The work has
been devoted largely to two computer programs: A Distributed Vorticity Lifting Surface Theory, and
extension of the PAN AIR code to th modeling of high 1ift configurations.

Computational methods for the analysis and design of three-dimensional wing and wing=-fuselage
configurations have evolved over the years from simple lifting line techniques which made very
restrictive assumptions about the geometry of the configuration and the flow conditions, to very
sophisticated and general panel methods. The most sophisticated of the newer methods (e.g. PAN AIR,
ref. 10) offers the designer a very powerful potential flow analysis tool, However the difficulty in
using these methods because of the very precise geometric definitions required especially for
multielement high-lift configurations, coupled with the expense of running such codes, has precluded
their wide spread use in high-lift applications. Only in cases where detailed pressure distribution
information is required are they being used. Parenthetically we note that in our -opinien the concern
with computer costs is overstated. The actual machine costs of obtaining a solution are substantially
less than the cost of the engineering labor required to prepare the problem for input to the coumputer.
In may cases the money spent in the gearch for computer efficiency might be better spent in making the
code more user friendly.

In many practical problems the analyst/designer primarily requires accurate information on items such as
net lift, pitching moment, induced drag and span loading - items available in principle from a potential
flow analysis of leas sophistication than a full higher order panel method.

In 1975, M. 1. Goldhammer began to develop the elements of an advanced lifting surface method (ref.
11). Goldhammer developed a very powerful version of his program aimed specifically at the multielement
wing/body problem and possessing a great deal of automation aimed at easing the burden on the user of
the code.

Two different lifting-surface theories are included in Goldhammer's computer program. A non-planar,
non-linear distributed vorticity method (DVM) is the primary method while a simpler vortex lattice
approach {s avallable as a user option. The primary technlque represents the thin wing by a continuous
sheet of distributed vnrticity which lies on the mean camber surface, The vorticity distribution used
is continuous in the chordwise directlion and is piecewise constant in the spanwise direction (Fig 18).
Special treatment is given to the chordwise vorticity distribution., The loading at the wing leading
edge is modeled to be infinite, which is consistent with the thin wing approximation. The DVM technique
also explicitly satisfies the Kutta condition by forcing each trailing edge loading to zero.

Full provision is made for multielement wings with part span flaps. A two-dimensional algorithm is used
by the program to spacify the downstream path of shad vorticity. The program is highly automated, and
the user need specify only gross geometric parameters for multielement wings (e.g. planform, twist,
camber, flap daflection) the program then generating its own detailed vorticity networks.
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In addition the overall method includes & maditied slender-body theory representstion of the fusslage,
which {s adequate for modsling wing lift carry-over effects and the body contribution to pitching momsat.

The gvogram also includes three-dimennional design (inverse) capabilities., An induced drag mirisization
technique is included, for wxample, based on the Lagrenge multiplier technique,

Since velease of the production version of the basic code in 1978, the program has schieved widespread
acceptance within the Boeing Company. As part ol the code developmant and subsequent validation effort
a number of test-theory comparisona have been made, with the results shown in Pig. 19 being typical of
those obtained, .
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The excellent agreement in both lift curve slope and lift level demonstrate the satisfactory naturs of
the thin wing approximation when no separation occurs, The usual explanation for these good results is
that neglect of both thickness effocts and boundcry layer build-up ('viscous decambering') are counter
effects which approximately cancel each other. This mutual cancellation effect deteriorates at higher
flap deflections and most particularly when there is significant partial separation of the flow.

The DVM Lifting Surface Theory program does a remarkably good job of predicting net 1ift, pitching
moment, induced drag and span loadings for a wide class of high-lift configurations. However, it does
not provide two important capabilities. It cannot give detailed potential flow .pressure distributions
and it does noz have the ability to model details of the configuration such as wing/body junctions or
nacelle/strut combinations.

To obtain such additional detailed information, one must resort to more sophisticated methods such as
PAN AIR. While application of panel method technology to the cruise configuration has bean widely
successful, its extension to high-lift configurations has not. Early attempts tn model multielement
vings using panel methods led to major discrepancies in prediction of both 1lift level and lift curve
slope. These difficulties have generally been attributed to deficiencies in the way carly panel methods
handled the Kutta condition and uncertainties in proper modelling of multiple wakes and vorticity shed
from part~span flap edges.

With final production release of the Lifting Surface Theory, attention turned to the problem of adapting
the lessons learned regarding wake modelling to the advanced panel method codes. In addition, the
difficulty of paneling the complex geometries of multielement wings has been solved. A typical result
compared with experimental data from ref. 12, is shown in Pig. 20.

The central purposes of this work with PANAIR have been:
# Tu exlend the power of the ful® panel method to include high-lift configurations,

¢ To provide potentisl flow pressure distribution data essential to future development of a
full three-dimensional viscous flow analysis capability for multielement wings.

e To provide a theoretical tool which provides some insight into the inviscid aspects of
large scale vortex/airframe interaction problem.

An early PANAIR test-theory comparison for the case of a swept wing with part-span, triple-slotted flaps

and leading edge slat is shown in Fig. 21, "
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ANALYSIS AND DESIGN OF MULTIELEMENT HIGH-LIFT SYSTEMS IN A VISCOUS FLOW

The pertormance of high-1ift systems ie largesly limited by viscous (lov phanomcns and subssquent
saparation. Because of the inovdinate Jdillficulty of computing viecous flows in rhree-dimensicns,
particuleriy thoss which may occur on compi.¢ mult{elument wings, the bulk of past effort has been
devoted to the development of & (ull viscous flow anelysis and design (inverse) capability for
tvo~dimsnsional, multielemsnt alrfoil weotlons, It was in the clarification of the physics of
multielemect airfoile that AM.0. Smith made one [mportant contridution to high=1(ift technology.

The flow around high Vift airfoils is charsctervized by many different (nviscid and viscous (lov regions
as illustrated in Plgure 22. In particular, the existence of confluent boundary layers and the regions
ot sepavated flow distinguish the high Lift airfoil problem from the ssrodynamic problem of sirfoile st
normatl operating conditions. The characteristics of the various flow reglons must sll be calculated.
Yuthermore, the prediction of transition from laminar to turbulent boundary layer flow, the prediction
of the onset of boundary layer ssparation and the effects of large scale separation from one or more
alrfoil elements are a necessary part of any general high-1{ft analysis cosputer gprogram.

In addition to allowing & pure analysis of & given geometry, a truly utilitsrian code should also
contain an inverse capability, which allows one to extract an afirfoil shape from a specifisd pressure
distribution. ln addition methodology should exist which would allow the desiga/optimization of this

pressure distribution in a viscous flow.

The development of thia full capadility hau been a central objective of the Boeing high litt research
effort since 1975, The outcome has been the development of two basic computer programs each of wnich
possess unique capabilities which are not presently fully duplicated in the other.

As pointed out earlier, the most siriking viscous phenomena which distinguish the (lov around high-lift
systems f(rom the flov at cruise conditions are the possible existence of confiuent boundary layers and
of aeignificant regions of separated flow at normal operating lift levels. The dual problems of
separation and confluence have generally been approached separately in the course of developing analysis
achemes for multielement airfoils, although the existence of a strong tonfluent boundary layer flow may
have a substantinl influence on the point(s) at which the flov may sepavate. A lsarge body of
experimental two-dimensional wultielament airfof{l dats indicates that optimum high lift performance is
obtained when gap and overlap conditions on the airfoil clements are set such that no regions of strong
ronfluence exist (Pig. 23). However, any general wmultielement airfoil analysis should have the
capability of accounting for merging shear layers {n addition to {ts other capabilities. Without this
capadbility it is impossible to properly perform analytical gap-overlap optimization studies, to account
properly for .oundary layer characteristics {n the presence of even weak confluence which may effect

both drag and separation location.
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One approach to multielement alrfoll analysis was originally developed by Goradia and his cowvorkere
(ref. 13) at Lockheed-Ceorgia under the sponsorship of the NASA-Langlev Research Center. This program
was among the firsc attempts at anslyzing the complex viscous flow about siotted airlolis and received
worldwide distribution and usage. A unique feature of this multielement airfoil program wis the model

of the confluant boundary layer [low.

Over the years , the original version of the program was modified axtensively to improve its
predictions for dilferent types of high lift airfoils, Many {mprovements, mainly in the area ot the
potential flov calculation, were made by rvesearchers at the NABA-lLangley Research Canter. For tnis
reseon, the code generally has deen relerred to as the NASA-Lockheed multicloment airfoil program.

This progrem has since baen furthar developed by Brune et al (ref 16 & 17) pertly under contract with
NASA~Langley.

In many respects, thin progres, (with the Boeing moditications) {a an excallent tool (ur the analysls ot
miltielement airfolle with fully aettached boundary layers. It roma{ns uvas{ul both as & research tool
and for those ceses wvhere its sesump.ione and Llimitations are non-restrictive (n project use. 1t
euflare from tuc major shortcominge, however. It (s lncapadle of analysing separated flows and (t hae
no inveree capability, A typical analyeie result (9 shown [n Pig. 24.

tn the couras of madilying the NASA-Lockhead code, Brune (ound the original contluent boundary layer
analysie method to be inadequate., Therefore a new conlluent boundary layer scheme vas developed. (rel
1), It ie & Linite difference tschnique which solves the turbulent boundary layer equatione and a
two-equatian modal al turbuleace suw to Jones and Laundar (ref. 17) known ae the Kappa-eps lon model.
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Figure 24. Lift, Drag, and Pitching Moment of a Boeing Four-Element Alrfoll

One of the central difficultiss in validating confluent boundary layer methods and viscous flow analysis
methods for multielement airfoile in general, is the very sparse sst of complets experimental dats which
exist in the literature for realistic airfoil sections. Thus a comprehensive tust was conducted to
acquire the data necessary to fully validate the new theory. In addition to force, moment and pressure
distribution data, detailed information on mean velocity profiles and turbulence properties in the
boundary layer at several chordwise stations was required.

Prior to conducting the test however, a survey of available instrumentation showed that existing
equipmeant was inadequate to provide the high quality, dJetailed data required. Thus, an improved
mechanical traversing mechanism was designed which would provide minimum disruption to the flow being
measured and high position accuracy.

This new traversing mechanism and flow sensors are shown in [igure 25. The traverse is self-propelled
and is normally mounted on the side of the model opposite to the surface on which measurements are being
taken. The traverse mechanism is equiped with four flow sensors: a pitot probe, two X-hot wires and a
dual split film. Data from all sensors is scquired simultaneously. A description of this probe and
samples of tha very high quality data obtained are discussed in ref. 18 and 19. Sample dats are shown
in Fig. 26. The test-theory comparison of this data with the new confluent boundary layer program is
shown to be excellent.
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Conliguration for Minimum Flow Disturbance

Figure 26. Confluent Boundary Layer Experiment

In most realistic aspplications, knowledge of section maximum life coefficient is important, if not
crucisl, in airfoil design/optimization. 1In the absence of a computational capability to predict the
effects of large scale flov separation, and hance muximum lift coefficient, heavy reliance must be
placed on wind tunnel testing wvhich has traditionally been conducted at Reynolds numbers an order of
magnitude lower than actusl flight conditions. This has generally led to substantial conservatism in
the dasign, in efforts to reduce risk. 1In addition, the usual approach to computational design has been
conducted by an iterstive snalyels process, wherein one begins with a baseline geomotry and a desired
performance goal and by analyzing the characteristics of the baseline goomaetry, obtained either
experimentslly or computationally, attempts to detarmine "intuitively" how the initisl geowmetry ought to
be modified to meet performance goals. Whether conducted {n the wind tunnel or on the computer, the
process remains largely one of "cut-and-try."

It hee long been realized that a wore rational approach to the asrodynamic design prodlem would be to
Lagin with o restistic set of performance objectives and constraints, and derive the pressure
dietridutions and other flov eharacteristics necessary to maet these objectives based on boundary layer
theory., With the desired flov characterietico established, one can then extract by computation the
gometry necessary to produce these desired [low characteristice. This "lnverse"” or synthesis process,
while concaptually simple and denirebla hss only become practical with the asdvent of large digital
computers.

With thane considarations in mind, M, L., Nenderson developed a versatile computer progres system (ref.
70) which would atlow doth the analysis and design of multielement airfoils with inclusion of the
affacts of psaparation in the enalysis mode and {nverse boundary layer techniques (for pressure
diateidution syntherie in tha dasign mode.
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The Subsonic Analysis Section System (8AS8) {s based on two-dimensional higher order panel method
algorithms for potential flow and integral boundary laysr methods for viscous flow computations, The
two important componsnts of the separation modeling are the determination of the separation point(s},
and and the streamline displacement caused by the separated wake., This latter problem is handled by
introducing & wseparation ocavity whose contours may be determined without vecourse to detailed
calculations of the complex interior phyelos., This wake displacement body is added to the bare airfoll
geometry, and the whole “equivalent body" may then be analysed in potential flow to predict separated
Clow airfoil asection performance. This procedure is described in detail in refs. 3 and 20. Some
typical test-theory comparieons are shown in Pigure 27.
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Figure 27. Predicted Airfoil Data From Subsonic Analysis Section System (SASS)

The overall program system also incorporates provision for a separate inverse boundary layer method f?r
the design and evaluation of pressure distributions for input to the design mode of the program. This
inverse boundary layer method, (ref. 21 and 22) is also a valuable tool in its own right.

HIGH-LIFT FLOW CORRELATION AND PREDICTION TECHNIQUES

At present there is no analytic method capable of solving the three-dimensional viscous flow about
wvings, let alone full aircraft, in high~lift configurations. Even if or when this capability is
developed it will likely be time-consuming and expensive to use on u production basis. Thus there will
always be a need for:

e Correlation methodology for two-and three-dimensional flows which allow (where appropriate)
the use of simpler, wore economical two-dimensicnal viscous methods 1loosely coupled to
three~dimansional potential flow techniquas.

® Semi-empirical techniques for the prediction of full-scale aircraft high-lift performance from
vwind tunnel data and from the performance of previous aircraft of similar geometry.

¢ Techniques for the prediction of both wind tunnel and flight level high-lift performance of
preliminary design configurations for which no specific wind tunnel data exists.

The problem of establishing rational methods for connecting the results of three-dimensional potential
Clow with two~dimensional viscous flow anslyses has been an important part of the high-lift research

effort. As s major part of this effort it has been necessary to establish the correlation between -

two-dimensicnal wultielement scction characteristics with the corresponding  sections on
three-dimeneional wings as influenced by sweep, induced angle-of-attack and camber effects, and spanwise
components of boundary layer flow.

As an example of early correlation methodology work, it was found that “simple sweep theory' type
corrections to two-dimensional results, which are rigorously valid only for thin wings of constant chord
and intinite sspect ratio, should be replaced by the more theoretically correct method due to R. C. Lock
(ref. 23) which axplicitly accounts for taper and finite aspect ratio effects.

With the advent of the DVM Lifting SBurface Theory program, Goldhammer was able to achieve a suhstantial
sdvance in correlstion/prediction methodology. For the first time it became possible to reliably obtain
potential (low results for high~lift configurations representative of actual transport sircraft,

An exswmple of what Coldhammer was able to achieve with combined use of programs DVM and SASS (corrected
tor sweep), to predict high-1ift wing/body characteristics beyond the linear portion of the lift curve
ie dewmonstrated here. The assumptions made in this example are that airfoil section characteristic
dominate the 1ift behavior of the wing; and that even in cases where the flow may be locally separated,
spanwise doundary layer flov effeacts can be neglected.

As dewonstrated cerlier, use of the DVM program for cases of highly deflected part- or full-apan flaps,
with seperation at normal operating conditions, leads to a substantial overprediction of lift. However,
by analysing "oricical 2D eections” of the wing (located at "peaks" in the span loading distribution)
using the SASS program with 1its separsated wake wmodeling capability, an "effective'" viccous flap
deflaction angle can be deterwined as shown {n Pigure 28.

When thie nev effective viscove flap deflection (s input to the potential flow analysis (DVM) the result
in & drematic improvesent in the tast-theory comparison of span loading shown {n Figure 28.

e 4
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Figure 28. Effective Flap Deflection—influence on Span Loading

Perhaps a more remarkable outcome of this sort of analysis was the fact that applicacions_of the DVM
program to a variety of other transport type configurations showed a repeatable (to first ordgr)
correlation between effective and geometric flap deflections for a given number of elements in the high
1lift system. This led to the tentative construction of the graph relating effective and geometric flap
deflections shown in the figure. These relations hold only for standard wind tunnel level Reynolds
number, although a comparable set could be constructed for flight levels.

It should be noted that the work reported so far has been largely directed toward prgviding
computational tools to project level engineers for use during the detail design phase of an airplane
development program. Thir goal continues to be important and has been remarkably successful. As
reported in ref. 24, the combined progress in 3D potential flow analysis and 2D viscous flow ana_lysis
and design when coupled with progress in 2D-to-3D correlation methodology has lead to a qufasi—3D viscous
flow analyais and design capability for multielement wings. This design proceass which relies heavily on
the use of 2D inverse methods is shown dJiagramatically in FPig. 29, and will be demonstrated in more

detail later in this paper.
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Figure 29. High-Lift Analytical Design Procedure

Ae shown in the overview diagram (Figure 30), at the detail design level, computational methods intended
to complement extensive tedting must be highly accurate. Thus costs may be high, although fully
justified if an enhanced design process results.
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Figure 30, Low-Speed Aerodynamic Prediction Methods

In & preliminary design phase of aerodynamic contiguration develer ~t, computational methods are also
of major importance. In this case, howuver, wvhere many cor’’.ally changing configuration variables
must de considered and their effects on the global aerodynamic characteristics readily evaluated, the
conflicting requiremants of computational accuracy and esse of use, rapldity of turnaround and lov cost
make the development of appropriste computa:ional methodology challenging.
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The need for modern predictive mathodology appropriate to pruliminary design level aerodynamic anslyses
remaing, however. Recognising the limitations of existing theoretical tools, better computationally
based predictive methodology can be deviaed if one accepts cortain underlying assumptions, as discussed
in vef. 25.

A method devised ta fill the block for a preliminary design level predictive tool in Pigure 30 is
semi-empirical and relies on two computsr programp, The new wethod is mace possible and practicsl by
the axistence of the DVM potential flow computar program apscifically developed for the analysis and
design of multielement high 1ift configurations described previously.

The second program in the system, {s identifiad as AePP (Aerodynamic Prediction Program). AePP is a
highly automated system of bookkeeping, interpolation/extrapolation, secaling and post-processor routines
which produce the predictions of global asrodynamic characteristice of a configuration {n a subsonic
viscous flow.

The structure is based on a framework in terms of potential flow lift curve, pitching mouwent, induced
drag and span loading provided by independent runs of the DVM program, as shown in Pigure 31, and
provides the engineer with two options:

Option 1: By numsrically cowparing DVM lifting surface theory pzedictions on a baseline
configuration for which experimental data exists with experimental data, using AePP,
the effecta of changes in the baseline geometry (e.g., flap span, flap chord, number
of flap elements) can be estimated with good accuracy. In this case the full
procedure shown in Figure 31 is used.

Option 2: In the case where no explicit baseline experimental data exists, combining generic
empirical data stored in AePP witn DVM 1ifting surface theory results for the
geometry of the configuration to be evaluated, provides estimates of global
aerodynamic characteristics of adequate accuracy for preliminary design purposes.
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Figure 31. Aerodynamic Prediction Procedurs {Low-Speed)

An outline of the overall method and its program elements is shown in Figure 3l. How the method works
is shown in Figure 32. A complete discussion of the assumptions made and how the empiricism described
above is incorporated in the method together with geveral examples of application are described in ref.
25. '

One example from this reference is reproduced here to demonstrate the capability of the basic approach.
In chis example, Figure 33, wind tunnel date from a Boeing 767 was used to predict the l1ift, drag and
pitching moment (tail-off) characteristice of a Boeing 737-300. The quality of the predictions appear
quite acceptable for preliminary design purposes.
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Figure 32 Low Speed Aesrodyramic Prediction Procedure Figure 33. Prediction of o Boeing 737.300 From a 757.200
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WAKE VORTICES AND VORTEX/BOUNDARY LAYER INTERACTIONS

An important high-1ilt rroblm Is that assoclated with the |ift~induced trailing vortices that coll up
in the wake of large slrplanes and ere persistent and sufficiently powerful to be hasardous if other
alrplanes gncountar tham dafore they decay. The problem {s moet acute in the traffic patterns of

P 4
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siTports, whers both aivrcraft congsstion and vortex intensity are greatest and whers maximum sir traffic
eunteal is vequired. Although {t is important to predict such phenomens, and a good deasl of research
v.as bain devoted to the problem, wake vortwx cllevistion has up to nov not been & factor in high 1ift
system design.

In addivion to the classic wake vortes prodblem, s number of othar praciical high 1{tt prodbless
asaocisted with the fovmation and shedding of large ecale vortices from vavious covaponents of an
alrovalr have been jdentified. Among these are the effect of large vortices shed fros pacelle/strut
combinations, strakes, etc., on the aeradynamic charactevinsice of the wings and empennsge, and ooet
particularly the interaction of euch vorticas with the boundary layer f{low on the wing. Whils in some
cases thess vortices way be bensficial, i1n other important casev they may seriously degvade high-lift
pertormance.

The approach to vortex vasearch at Roeing has been the development of predictive technology, snd
sxperimintal techniques for the wsasurement of vortex flows. The general objective Is to understsnd and
predict the formation, growth and decay cf a wide rvange of large gcale vortex flows as they interact
with other componente of the airframe itss1f and/or subsequently influence other aircraft in proximity
to shed vortex wakes. The ultimate objective {s to find means of either controlling the formation or
intensity of large scale vortices so that thay interact favorably or with minimus penalty with other
componants of the generating airlrame.

Since cthe astato-of-the-art in wmodeling cealistic vortex flows (c.f. Yig 34) is etill primitive,
particularly in the case vhere vortices interact strongly with a boundary layer, the majority of the
work done eo far in this ares hae been experimantal. The emphasis has been ont
¢ Developoent and exploition of a number of flow (fisld visualization techniques ([>r the
diagnosis of compleax viscous/vortex {nteractions and shed vortex wakes.
¢ Developuant of experimental data dases for transport aircraft configurations in high-lift/high
angle-of-attack conditions. Thesc efforls have been conducted to:
- Provida necessery data to validate the extension of codes like PANAIR to analyses of
sultielement wings.

- Clarify the physics of vortex formation and interactions as generated by high-lif:
configurations.

- Eotablish an experimental data base with which to compare current efforts to model
three-dimenaional separated flow.

- Provide dats for wake/downwash prediction at the plane of the ewpennage,
-particularly during operation at high-lift/high~angla-of-attack conditions.

A great deal of flow field visuslization and diagnostic work has been done ranging from tests in water
tunnele to subsonic wind tunnels. The coucluaion from tests conducted f{n water tunnels has baen that,
while yielding useful results for certain types of configurations (e.g., fighters with wings wicth sharp
leading edges), the lov Reynolds numbers typical of such testing make such experiments nearly usaeless
for traneport type configurations. A far better approach has been to use flow ficld visualization
techniques recently developed for conventional wind tunnels. These techniques include:

¢ The Boeing developed Wake Imaging System (WIS) described in -ef. 26. Typical WIS total
pressure survey data is shoxn in figure 34 in a black-and-white reproduction. The actual
rasult, obtained in abou: four minutes of survey tiwe and available immedictely, are in
the form of color po.aroid photographic prints.

Figure 34. Wate Imege S):item (WiS) Survey Behind s High-Lift Winy

e The five port probe (ref.27) which cen give survey data similir to the WIS, with the
additional advantage that fully quantitstive data, three velocity components and total
pressure are provided in wminimum post run time. This latter tutm(quo has been used very
alfactively to map wakes as shown in Pig 35, and a full discuseion of recent test results
using this tachnique is reported in refs. 27 and 28, These experiments have shown good
correlation detwaan WIS and five port probe data, both of which almo correlats reasonsdly
wvell with limited laser velocimetry mensurements.
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The citedv references give further details on these flow visualization techniques and some additional
results will be discussed in the next section on practical applications,

In an appropriate experimental approach to com?lex viscous/vortex, separated flow and/or wake problems,
it is important to recognize that a "full get' of data is usually necessary, and such a full data set
includes forces, surface pressures and both surface flow and flow field visualization. It has been our
nxperience in diagnosing complex flows that given a number of equally experienced interpreters
evaluating the same surface flow pattern, one often gets as many interpretations as there are evaluators.

To evaluate the surface flow in a systematic way mathematical topology ("critical poin® theory") as
developed by several investigators has been of considerable value. Critical point theory has the
virtues of rapid application, and it clearly establishes which flow interpretations are kinematically
feasibdble.

The technique is well deacribed by Peake and Tobak (ref. 29) and Dallmann (vef 30). A typical result of
work due to Brune (so far unpublished) of extensions to high-lift and multielement wing configurations
{s showm in Fig. 36.
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Figure 36. Interpretation of Separated Flow Pattern, Using Critical-Point Theory .
SOME APPLICATIONS OF BOEING HIGH-LIFT DESIGN METHODOLOGY

{n the preceding sections of this paper a great deal of progress has been reported in the development of
improved methodology, both computational and experimential, for the design and analysis of transport
alrcrafe high-lifc systems. In order to complete the discussion and to clarify several of the issues
talsed earlier, two exaamples of applications of this improved methodology to practical design problems
have baen selected.

A Redersign of the Boeing 747 High-Lift System

The first example was selected because it demonstrates the way in which the general quari-three
dimansional viecous flow design methodology (Fig 29) with its strong reliance on the use of inverse
mathods, was used to evaluate a complex design problem. The problem posed was: Given the wing of the
existing Boelng 767, fs it possible to simplify the triple slotted flap/variable camber Krueger
high-1ift system without degrading the approsch speed. Further constraints were:

(1) The cruise aerodynamic configuration must remain unaltered.
(2) Major structural modification outside the flaps would not be allowed.
(3) Handling characteristice should not be degraded.

As shown in Fig. 37, the baseline geometry was first analyzed in potential flow using the DVM Lifting
Surface Theory. This ylelded the span losds at various values of lift coefficients. From the span
loads, the "critical 20 sections” ware selected and evaluated using the 20 multielement airfoil code
SASS. These results corrected for sweep are shown in Fig. 38, Additional information obtained from
these analyses are viscous flov prassure distributions and details of the boundary layer
charactaristics. At this point one has the basic data necassary to begin the redesign effort.
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Calculated With SASS

Using the 2D inverse boundary layer method, improved viscous flow pressure distributions are derived for
the various elements of the multielement airfoil ensembles. These cesign point pressure distributions
are then used in the inverse mode of the SASS program to generate new airfoil geometries. These new
geometries are a combination of revised surface contours and/or modified flap gap, overlap and
deflection relationships.

With the new geometry established, these gections are analyzed in the SASS program to obtain lfull
section lift curves, including the effects of flow separation from one-or more airfoil element. Typical
final results are shown in Figures 39.
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Figure 39, SASS Analysis of Baseline and Redesigned Flaps

As a final step, if the resulting new geometry differs substantially from the baseline case, a
reevaluation of the total high lift systems in the DVM program can be conducted to assure that a
“converged”" design solution has been achieved and this data can be used to estimate the new wing/body
maximum lift coefficient and/or lift-drag ratio.

An intervesting result of the present example is shown in Fig. 39. The new double slotted flap does
indeed yield the same section maximum lift coefficient as the baseline triple slotted system but more
important however, at a given angle of attack the lift coefficient is lower for the redesigned system
than for the baseline. This means that the net result of integrating this revised section into the
system would be that the aircraft would have to approach at higher angles-of-attack to maintain the same
approach speeds. In practice this is not possible due to tail strike limitations. For this reason, the
results of this particular exercise remain of largely academic interest and the new configuration was
not teated. The example does demonstrate clearly, however, the power of the new analytic approach to
high-lift design.

Transport Aircraft Maximum Lift Performance Improvement
The second application example to be discussed is of interest for geveral reasoms.

1. Both wind tunnel and flight test validation results exist.

2. The full computational methodology previously described was applied to a difficult flow problem
involving a complex airplane geometry.

3. While the computational methods alone were inadequate to cope with the full problem, when used to
augment and guide the wind tunnel testing, they provided the crucial element in achieving &
difficult aerodynamic goal.

4, An approach to partially circumvent some major limits of conventional low Reynolds number testing
in high=l1ift system development was demonstrated. This approach can only be pursued efficiently by
application of computational techniques.

The objective was to retrofit the basic Boeing 707 airframe with four large diameter high-bypass ratio
turbofan engines with minimum modification to the remainder of the airframe and without an off-design
(i.e., low-speed) performance penalty. The new nacelles were compatible with the baseline airframe,
provided the nacelle struts of the new installation were shorter than those of tha baseline, resulting
in the nacelles being placed in closer proximity to the wing. Wind tunnel tests comparing the baseline
and retrofit airplanes showed no low-speed performance penalty. Corresponding flight tests showed a 10
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parcent loss in airplane maximum 1ift capability, The comparison results are shown in Figure 40,
Purther, based on low Reynolds numbev vind tunnel force data alone, thers appeared to be no obvious
exparimentally devivable asvodynamic fix.
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Figure 40. Nacelle infivence on Cgm

The puszale regavding the cause of the 1ift loss was golved by additional wind tunnel testing with
particular ewphasis placed on carefully documented flow visuslization. Nacella-on and -off tests
clearly showed (Pig. 4l1) that flow separation occured on the sides of the large diameter nacelles st
high angles of attack and high flap defleclL'on conditions, leading to the formation of largs vorticies
vhich flowed streamwise over the wing. While the section characteristics of the wing were very strongly
Reynolds number scale depandent, the paths and stis.~th of the nacella shed vortices were slmost scale
independent as a comparision with flight cest showed (fig 42). Purther, under certain conditions, the
vorticies interacted in an unfavorable way with the boundary layer on inboard sections of the wing
downstream. As a result, at wind tunnel Reynolds numbers, the maximum l1ift characterlstice of the wing
were dominated by the outboard section charvacteristics., At flight level Reynolds numbers, the outboard
wing sections benefited from the increased Reynolds number so that maximum lift was limited by tne
unfavorable inboard wing boundary layer/nacelle vortex interaction. Thus, the two configurations, both
vith identical wings and high-lift systems, exhibited almost equal maximum lift performance in the wind
tunnel, but not at flight conditions. Subsequent analysis of the wing using the quasi-3D viscous
lnllynla approach described earlier further validated and clarified this diagnosis.

SEPARATED PLOW &  REVNOLOS NUMBER
MAXMSUM LIFT
DOMINATES HIOH
[ REYNOLDS NUMSEA
MAXMIUM LIPFT
Figure 41. Stsll Mechanisrns st High and Low Reynolds Number Figure 42, Nacelle \/ . .

Thus, the puzzle was solved, but the problem was not. Having observed that the wini runnel, using a
model which carefully simulated the full scale geometry of the proposed configuracion, could not
duplicate the necessary flow phenomena, the traditional spproach would be to embark on an expensive and
time consuming flight test program, with the feer that a substantial revision of the basaline high-lift
system wmight prove to be the only satisfectory solution. Howsver, with the availabilicy ot
compuiationsl tools, a quite different approach became feasible.

This approach was to simulate the (full ecale aerodynsmics, rather than the full scale geomatry in
defining the parts of the wind tunnel model. While conceptually appealing, this course is almost
impossidle to follow unless one has sulficlently powverful computational toole with design capability.

In the case under dliscussion, the ful! scele simulation was rather crude but extremely effective.
Kaving determined both by flow visuallzstion and analysis that tne low Reynolds number stall
characteristice were driven by outbosrd wing section characteristics, it was a straightforvard procedure
to design an alternate, non-stendard, lesding edge device (Fig. 43) whlch could be fitted to the
outboard wing of the wind tunnel model. In this way, the outboard wing behaved at wind tunnel Raynolds
number very msuch like the (ull scale wing did i{n-flight, {.e., nacella vortex/vwing boundary layer
intersctions determined the stall In the wind tunnel.
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Figure 43. Wind Tunne! Test To Find Solution
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Having adjusted the wing's stall patterns in the wind tunnel, attention turned to the necessarv
modifications of the nacelles to improve the maximum 1ift performance., Additional reliance on fl..
visualiszation utilising the wake {maging eystem lead to development of a set . nacelle mounted vortex
control devices (VCDs) which tinally solved the problem without further change to the baseline high-lift
system. These devices were aubsequently flown on the full scale alrplane with satisfactory results, a«s
shown in Pigure 44,
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Figure 44. Maximum Lift Comparisons

CONCLUDING COMMENTS

An outline of low-speed/high-lift aerodynamic research at Boeing, and the quasi-3D viscous flow
computational methodology developed for the analysis and -design of transport high-lift systems was
presented. To demonstrate the overall utility of this methodology, two examples of its application to
practical, project oriented design/analysis problems were described. The important conclusions to be
drawvn from these examples are: .

1. Modern high-1ift computational methods have become sufficiently well developed to allow a designer
to use these new methods in a greatly improved (compared to experimental/analytical cut-and-try)
design process.

2. Since, in the forseeable future, management cannot be expected to make decisions which risk
millions of dollars based solely on "analytic wind tunnel" results, the objective of a practical
research effort must be to derive computational tnnle which will both augment and improve the
afficiency of what remaine an experimental process. With the parallel development of improved flow
visualizstion techniques, the experimental process has been advanced as well.

3. The role of the wind tunnel will change as computational methods of increasing power become
availadle. Much routine parametric evaluation can now be conducted with the computer, with the
wind tunnel acting as both the vehicle for visualization of complex flows and the final arbiter of
predicted results. Thus theory and experiment form a necessary complementary pair.

4. Modern computational methods now allow the high-l1ift system designer to do many of the things that
vere once conceptually possible, but impractical due to either lack of physical understanding or
budget limitations. Both computational exercises described and the modeling of "full scale”
Aetndynamice rather than full scale geometry in the wind tunnel, are examples of these emerging
capabilities. :

5. Most of the work described in this paper has related to transport aircraft with unpowered high-lift
systems. Much of the technology described (most particularly the improved flow visualization
techniques) is fully applicable to militsry aircraft and powered 1ift concepts. As the methodology
descrided matures, attention will logically be devoted to extending these kinds of capabilities to
the full range of future high-1ift schemes.

1t would be satisfying to be able to say that we limited ourselves to unpowered high-lift systems due o
the large volume of materisl available and that a comparable paper could be written on powered-~-lift
systeme. Unfortunately this has not besn tha case. Despite the flurry of activity in powered-lift in
the early to mid-1970's, as avidenced by the flight of four different powered lift airplanes only
limited analyticel development has been undertaken. This {s still a largely virgin territory awaiting
the inepired ressarcher.

While the adove cowments are specific tn the Boeing high-lift effort, it remaine to make gome more
general observations relsting to the (esues ldentified {n the {atroduction of this paper. Central of
these was the question of the tools available to the high-l1ift designer and those which rewain to be
developed. Many of the aspects of this question have been addressed in previous sections of the paper
and nesd not be summarized sgain here. One matter of interest does deserve attention here however.

At the conclusion of hie Wright Brothers Lacture A.M,0. Bmith left us with his list (circa 1974) of the
ten pressing theoretical prodleme in high=lift serodynamics. 1In light of the progress reported in this
paper, it s of Intarest to review these ten issues and comment on tha progress made on each {n the
lntarvaning pariod. We may then propose a nev 1ist of our own,

AM.0, Smitr's list was as followe:

1. Very general calculation of three~dimensinnal laminar and turbulent flows,
This must stend as an important on-going effort despite years of effort and advance. It
thould be noted that success {n thiy area (s still strongly coupled to our ability to solve
the inviseld flow portion of the problem and here the complexity of the geuvmetry of practical
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aiveraft high-lift systems gtill preseants major obatacles Loth aerodynamically and in geometry
definition, The capability to predict trailing edge separation on three-dimensional
configurations is also emerging, but tha capability to predict vortex/boundary layer
interactions rerains very primitive.

2.  Calculation of flows involving partial separation in the rear.
Here great progress has bean made in 2D flows {c.f. Henderson, ref. 20, Bristow, ref. 31, and
Mani, vef. 32). This is an area where much progress may be made in the near term in three
dimensional flow without recourse to solution of the full Navier-Stokes equations.

3. Practical calculation of flows involving forward separation bubbles.
Much detail work remains to be done in this area, While apparently a mere footnote to the
overall high-1ift problem, as long as wind tunnel tests continue to be conducted at "low"
Reynolds numbers, the capability to predict the formation and effect of laminar separation
bubbles remains an important, imparfectly developed, capability,

4. Practical calculation of flows involving shock-boundary layer interactions.
Slow, but steady progress has been made on this fundamental problem (ref. 33) but its
relevance to the low-speed high-lift problem would seem obscure. "Supercritical’ leading edge
devices on transport aircraft are items to be avoided in our experience.

5. Calculations of viscous flow arcund the trailing edges of wings and bodies,
Despite the work of, for example, Melnik (ref. 34) this problem remains to be fully resolved

and remains, as it did for Smith a decade ago, a major annoyance.

6, Further development of inverse methods,
Substantial progress has been made for 2-D cases. For 3-D the PANAIR technology has great
promise. It may also be noted that development of such methods is less than half the
problem. Teaching engineers, accustomed to "design by repetitive analysis" to use inverse
methods effectively is as large a problem and requires a great deal of further understanding
and education.

7. Drag of multiclement a’rfoil syatems.
Squire and Young still reign in this area and progress of real substance remains to be made.

8. Practical calculation of merging boundary-layers, wall jets and wakes.
With the completion of the combined theorical/experimental work by Brune {ref 16 & 19)
reported here, this problem seems to have reached the state-of-the~art in overall 2D viscous
flow computational capability. Having done the work we observe that it may have been a
problem of limited priority in retrospect. Analytic gap/overlap studies are nearly as
expensive to perform computationally as experimentally, and aside from evaluating the adverse
nffects of imperfectly sealed slats, etc, the analysis capability is of rather limited utility.

9. The analysis of flows over swept wings on which a leading~cdge vortex is developed.
This is a major area of interest and substantial progress has been made for highly swept wings
with sharp leading edges. For moderately swept wings with rounded leading edges where
vortices are less well defined much work remains to be done.

10. Three-dimensional transonic calculations, particularly for arbitrary wing and wing body conbination.
Very great progress has been made here, largely with reference to cruise configurations. This
topic is not within the scope of the preasent paper and it seems to us of less relevance for
transport type high lift systems.

In quick summary then we see a decade's progress. It remains only to propose a menu of our own for’
further work. Our shopping list is as follows:

1. Very general calculation of three~dimensional laminar and turbulent boundary layers.
2, Computation of three dimensional separation,

3. Drag of multielement wings.

4. PFurther development of inverse methods.

3. Wake and downwash prediction from 3D multielement con igurations.

6. Vortex/boundary layer interactions.

7. Propulsive lift snalysis,

8., 3D flow visualization and measurement techniques.

9. Modeling of swept wing leading edge flow with separation

10. Analytical buffet prediction

Further comments on the above list seems guperflous in light of the preceding discussions and the
suthors want to end this paper with the hope that the coming ten years will show as spectacular progrevs
as the last ten.
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